Abstract. The temporomandibular joint (TMJ) is a specialized synovial joint that is essential for the movement and function of the mammalian jaw. The TMJ develops from two mesenchymal condensations, and is composed of the glenoid fossa that originates from the otic capsule by intramembranous ossification, the mandibular condyle of the temporal bone and a fibrocartilagenous articular disc derived from a secondary cartilaginous joint by endochondral ossification. However, the development of the TMJ remains unclear. In the present study, the formation and development of the mouse TMJ was investigated between embryonic day 13.5 and post-natal day 180 in order to elucidate the morphological and molecular alterations that occur during this period. TMJ formation appeared to proceed in three stages: Initiation or blastema stage; growth and cavitation stage; and the maturation or completion stage. In order to investigate the activity of certain transcription factors on TMJ formation and development, the expression of extracellular matrix (ECM), sex determining region Y-box 9, runt-related transcription factor 2, Indian hedgehog homolog, Osterix, collagen I, collagen II, aggrecan, total matrix metalloproteinase (MMP), MMP-9 and MMP-13 were detected in the TMJ using in situ and/or immunohistochemistry. The results indicate that the transcription factors, ECM and MMP serve critical functions in the formation and development of the mouse TMJ. In summary, the development of the mouse TMJ was investigated, and the molecular regulation of mouse TMJ formation was partially characterized. The results of the present study may aid the systematic understanding of the physiological processes underlying TMJ formation and development in mice.
Introduction
The temporomandibular joint (TMJ) is a complex skeletal structure that is essential for jaw movement in mammals (1) . The TMJ is comprised of multiple tissues, including the mandibular condyle, glenoid fossa, a fibrocartilaginous articular disc located between these two bones that divides the joint cavity into two compartments, and a variety of associated tendons and muscles (2, 3) . Furthermore, the tendons of the pterygoid muscle and various surrounding ligaments are associated with the TMJ (4) . Disorders of the TMJ affect numerous individuals, and may lead to difficulty in chewing function and chronic myofacial pain (5) .
The embryonic development of the TMJ shares a similar development process across various mammalian species, and differs significantly from that of other synovial joints (6) . In contrast with the formation of long bone joints by cleavage or segmentation within a single skeletal condensation, the TMJ develops from two distinct and widely separated mesenchymal condensations; the glenoid fossa blastema and the condylar blastema (7) . The glenoid fossa blastema derives from the otic capsule and undergoes transmembranous ossification (8, 9) . The condylar blastema develops rapidly towards a rectangular cell condensation located lateral to and above Meckel's cartilage, and is subsequently attached medially by the lateral pterygoid muscle as a result of rapid cellular proliferation (4) . Simultaneously, the condylar blastema develops out of the secondary condyle cartilage of the mandible and forms a bone via endochondral ossification, subsequently extending in an anterior/medial direction and capping the condylar blastema (10, 11) .
The intervening mesenchyme between the glenoid fossa and condylar blastemas condenses, prior to the separation of the two primordia of the TMJ by an articular disc (12) . As the condyle develops continuously upward approaching the glenoid fossa, the mesenchyme differentiates into layers of fibrous tissues, ultimately separating the upper and lower synovial cavities (13) . In addition to cellular proliferation Observing the development of the temporomandibular joint in embryonic and post-natal mice using various staining methods and differentiation, the condyle anlage is configured into a typical secondary cartilage and is superficially covered with a thick layer of flat fibrous cells (14, 15) . The glenoid fossa exhibits intramembranous ossification, which corresponds to condyle differentiation (8) . During the development of the skeletal elements of the TMJ, morphogenesis of the soft tissues surrounding the joint continues (16) . Following the completion of cavitation, the TMJ exhibits marked ossification and growth of the condyle and glenoid fossa, functional remodeling of the articular disc via an avascular event and substantial condensation (17) . Furthermore, enclosure of the joint bone prominences and the articular disc through the joint capsule occurs, and the development of the muscles and ligaments proceeds (18, 19) . Although the structure and function of the TMJ has been well characterized (12) (13) (14) (15) (16) (17) (18) (19) , the molecular and cellular mechanisms underlying its formation and development remain unclear. Therefore, the aim of the present study clarify was to investigate the processes underlying the formation and development of the mouse TMJ using various immunohistochemical staining methods.
Materials and methods
Animal preparation. A total of 30 pregnant BALB/c mice, aged 2 months and weighing 33.46±3.57 g, were purchased from the Shanghai Slack Laboratory Animal Co., Ltd.
(Shanghai, China). Mice were housed under a 12-h light-dark cycle at 22±1˚C and with a humidity of 56±5%, with 5 mice per cage, and received a 0.3% sodium diet, ad libitum. Animal experiments were conducted in accordance with the Guide for Care and Use of Laboratory Animals of Fujian University of Traditional Chinese Medicine (Fuzhou, China). The age of the mouse embryo was defined based on the ejection of the vaginal plug from the mother. The day of the morning following this occurrence was defined as embryonic day 0.5 (E0.5). Pregnant, embryonic and post-natal mice were sacrificed using carbon dioxide (cage size, 7x11x5 inches; flow rate, 1.3l/min), according to the Guide for the Care and Use of Animals (8th edition, 2011). Embryos were subsequently extracted in phosphate-buffered saline (PBS; pH 7.4; GE Healthcare Life Sciences, Logan, UT, USA). Following collection, embryonic mice heads were stored in ice-cold phosphate-buffered saline. Heads collected on days E13.5, E14.5 and E15.5 were fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and PBS overnight at 4˚C, while heads collected on days E16.5, E17.5, E18.5 and post-natal days 0 (P0), P7, P14, P21 and P180 were fixed and decalcified using a Surgipath Decalcifier I (Leica Microsystems GmbH, Wetzlar, Germany) for various periods of time depending on the age of the mouse (2).
Histological analyses. Mouse heads were dehydrated using a graded ethanol series, cleared with xylene, embedded in paraffin (both Sigma-Aldrich) and sectioned at 10 µm using a Leica RM2235 microtome (Leica Microsystems GmbH). For histological analysis of the TMJ, serial sections were subjected to standard hematoxylin-eosin (HE) (20) (9) . Briefly, 10 µm sections were pretreated with 10 µg/ml proteinase K (Sigma-Aldrich), fixed in 4% paraformaldehyde, hybridized with riboprobes at 50˚C for 16 h, and washed with 2X standard saline citrate (Sigma-Aldrich) containing 50% formamide (Sigma-Aldrich) at 50˚C. Maleic acid buffer and blocking reagent (Roche Diagnostics GmbH) were added for blocking and antibody washing steps. Signals were developed with BM purple alkaline phosphatase substrate (Sigma-Aldrich). Immunohistochemical staining was performed according to the manufacturer's instructions (2). Paraffin sections were deparaffinized and rehydrated in a descending series of alcohol dilutions, heated in 10 mM sodium citrate buffer (pH 6.0; Sigma-Aldrich) at 100˚C for 20 min for antigen retrieval, then cooled to room temperature. The sections were blocked with goat serum (1:10; Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA), and incubated for 15 min at room temperature. Subsequently, the sections were incubated with polyclonal antibodies against runt-related transcription factor 2 (RUNX2; 1:1,000; ab76956), sex determining region Y-box 9 (SOX-9; 1:500; ab26414), collagen I (1:500; ab34710), collagen II (1:200; ab53047), aggrecan (1:500; ab36861), matrix metalloproteinase-9 (MMP-9; 1:300; ab38898), MMP-13 (1:50; ab75606) and Indian hedgehog homolog (IHH; 1:200; ab39634) from Abcam (Cambridge, MA, USA) overnight at 4˚C. The slides were then washed three times using PBS; and incubated with a biotinylated horseradish peroxidase goat anti-rabbit secondary antibody (1:1,000; A-11034; Invitrogen; Thermo Fisher Scientific, Inc.) for 20 min at 37˚C. The slides were washed three times following incubation with the secondary antibody using PBS. Immunolabeling was visualized with 0.05% diaminobenzidine (Invitrogen; Thermo Fisher Scientific, Inc.) in PBS for 5 min at room temperature, then slides were rinsed for 10 min under running tap water. The morphology of immunohistochemically stained TMJ sections was observed using a BH-2 light microscope (Olympus Corporation, Tokyo, Japan).
In situ zymography and 4'6'-diamidino-2-phenylindole dihydrochloride (DAPI) staining. Heads of the P0 mice were immersed in zinc-based fixative containing 36.7 mM ZnCl, 27.3 mM ZnAc 2 ·2H 2 O and 0.63 mM calcium acetate in 0.1 mM Tris (pH 7.4; Sigma-Aldrich) for 2 h at room temperature, dehydrated using 15 and 30% sucrose at 4˚C overnight, frozen in optimal cutting temperature compound (Sakura Finetek USA, Inc., Torrance, CA, USA), then sectioned at 10 µm using a Leica CM1850 cryostat (Leica Microsystems GmBH). DQ-gelatin (1 mg/ml; E12055; Molecular Probes; Thermo Fisher Scientific, Inc., Grand Island, NY, USA) was used as the substrate at 1:10 dilution in the in situ zymography buffer, according to the manufacturer's instructions (2) . Next, 100 µl mixture was applied to the sections, which were incubated at 37˚C for 2 h in a dark humid chamber. In order to visualize the DNA in the frozen sections, sections were incubated with 100 ng/ml DAPI (Sigma-Aldrich) in PBS for 30 min. The gelatinolytic activity and DAPI-stained TMJ frozen sections were observed as green fluorescence using a Axioskop 50 fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany). 
Bromodeoxyuridine (BrdU) labeling for cell proliferation, and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) for cell apoptosis assays.
Six pregnant mice were injected with labeling reagent (1.5 ml/100 g) from a BrdU Labeling Detection Kit II (Roche Diagnostics GmbH) for 2 h prior to sacrifice using carbon dioxide euthanasia. Subsequently, three heads of E13.5-E18.5 were fixed in Carnoy's fixative containing ethanol absolute (Merck & Co., Inc., Whitehouse Station, NJ, USA), chloroform (Sigma-Aldrich) and glacial acetic acid (Merck & Co., Inc.) at a ratio of 6:3:1. The heads were then ethanol-dehydrated, paraffin-embedded and sectioned at 5 µm. Sections were subjected to immunodetection for analysis of cellular proliferation, according to the manufacturer's instructions (9) . Heads of E13.5-E18.5 were subjected for cell proliferation assay, and three adjacent sections from each head were observed for BrdU labeling. Three heads of the P0 mice were sectioned at 5 µm, and subjected to immunodetection for cell apoptosis analysis, according to the manufacturer's instructions (2). Apoptosis was measured using an in situ Cell Death Detection Kit (Roche Diagnostics GmbH), and three adjacent sections from each head were observed using TUNEL labeling.
Statistical analysis. Statistical analyses were performed using the Student's t-test with SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). Data were expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results and Discussion
Formation of the TMJ during the embryonic development in mice. In mice, the mesenchymal condensation of the condyle develops at day E13.5 ( Fig. 1A-C) ; however, the glenoid fossa primordium does not form by this time point. The location of the glenoid fossa is indicated by the surrounding lateral pterygoid muscle, trigeminal ganglion and Meckel's cartilage.
In serial coronal sections, the posterior portion of the condylar primordium appears to be isolated from the mandible, while its anterior portion is closely connected to the primordium of the mandible. By day E14.5 ( Fig. 1D-F) , the condylar primordium is rearranged and shaped into a reverse positioned cone, with a tip pointed toward the mandibular bone. Medially, the lateral pterygoid muscle runs into the cone-shaped condyle. Above the condyle, the zygomatic process and squamosal plate combine to form a concave-shaped glenoid fossa primordium.
By day E15.5 ( Fig. 1G-I ), the cartilage that has developed in the center of the condyle is surrounded by a thick layer of perichondrium. At the apex of condyle development, numerous layers of cells from the surface of the condyle are compacted into a strip, representing the articular disc anlage. Furthermore, the glenoid fossa becomes enlarged, and begins to ossify in the center of the fossa. However, the space between the developing condyle and glenoid fossa remains wide.
At day E16.5 ( Fig. 1J-L ) a cleft, generated by the upward movement of loose mesenchymal cells in the articular space, forms between the glenoid fossa and articular disc, indicating the initiation of cavitation. At this point there is no indication of the formation of lower cavitation; however, the strip of disc anlage is separated completely from the condyle surface. Furthermore, the cells of the medial area of the disc anlage combine with the lateral pterygoid muscle cells. The rapidly developing condyle differentiates to form various layers, including fibrous, polymorphic, flattened and hypertrophic cell layers. The rapid growth of the condyle and glenoid fossa leads to the narrowing of the articular space.
At day E17.5 ( Fig. 1M-O) , the formation of a definite articular disc with numerous tightened layers of fiber results in the formation of a narrow cavity between the condyle and articular disc. The lateral fiber tangle of the articular disc, with the tendon fibers derived from the masseter muscle, and its medial fibers combine with the tendon fibers extended from the lateral pterygoid muscle.
At day E18.5 ( Fig. 1P-R) , all of the major anatomical features of the TMJ are present. A definite and compact articular disc is clearly present, separating the upper and lower synovial cavities. As shown in Fig. 2 , the present results clarify the stages of TMJ development from immaturity to maturity in post-natal mice.
Regulation of TMJ development by ECM.
The ECM appears to serve crucial functions in TMJ development, in addition to those served by transcription and growth factors. TMJ structure-function associations are described in terms of its most abundant ECM components, including collagen, glycosaminoglycans and proteoglycans (22, 23) . These ECM components are critical for resistance against compressive forces and for maintaining the tensile properties of the tissue, and are increased or decreased in a number of cartilage pathologies and across the different stages of a single pathology (24) .
Collagen belongs to a family of structural proteins with distinct chemical compositions, morphologies and functions (25) . To date, >27 types of collagen have been classified (25) . Certain types of collagen, including collagen I, II and IV, are capable of aggregating molecules to form the articular disc, condyle and glenoid fossa of the TMJ (26, 27) . Aggrecan, the best understood of the lecticans, is fundamental for cartilage function and skeletal development (28, 29) . The biological function of aggrecan is the ability to bind hyaluronan in order to provide the basis for the viscoelastic properties necessary for load distribution over the articular surface (28) . In addition, aggrecans are crucially involved in skeletal development, as a key molecular component of the cartilage templates in the process of endochondral ossification (29) . In order to investigate the alternation of ECM during TMJ development in the present study, protein expression levels of collagen I, collagen II and aggrecan in the TMJ were determined using immunohistochemistry. It was observed that collagen I, collagen II and aggrecan are expressed weakly in the TMJ at day E14.5 ( Fig. 3A-C) , and markedly by days E17.5, P0 and P7 (Fig. 3E -G, I-K and M-O, respectively). These observations suggest that all the major ECM components of the TMJ are well-formed by these time points, and may therefore serve critical functions in TMJ development in mice.
Regulation of TMJ development by transcription factors.
During TMJ development, a large number of transcription factors and growth factors have been implicated in the development of primary cartilage and endochondral ossification, including SOX-9, RUNX2, IHH and Osterix (30) (31) (32) . The transcription factor SOX-9 is expressed in mesenchymal condensations and proliferating chondrocytes of the condyle. Targeted inactivation of SOX-9 in neural crest cells results in the complete ablation of the condyle due to the failed formation of the condylar blastema (30) (31) (32) (33) . In contrast with SOX-9, the RUNX2 transcription factor appears to serve a distinct function in the development of the condylar and primary cartilage. RUNX2 is initially expressed in the mesenchymal condensation of the condyle, and subsequently in the newly formed cartilage and bone collar, which is similar to its expression during long bone formation (9) . Osterix, a novel zinc-finger-containing transcription factor, is another essential factor for osteoblast differentiation and functions downstream of RUNX2 in the lineage of osteoblast differentiation. RUNX2 and Osterix are essential for primary cartilage or bone formation. RUNX2 is primarily involved in the differentiation of mesenchymal cells into preosteoblasts (34), whereas Osterix is associated with the differentiation of preosteoblasts into mature osteoblasts (30) . IHH, a member of the Hedgehog family, serves a pivotal role in long bone development and digit joint formation (24) . IHH regulates chondrocyte proliferation and the rate of chondrocyte hypertrophy in cooperation with parathyroid hormone-related protein (PTHrP) in the periarticular region (1, 35) . In mice, IHH expression is initially detected in the condylar condensation, and becomes marked in the condylar cartilage, in addition to PTHrP expression, at day E15.5 (36, 37) , suggesting that the IHH-PTHrP regulatory loop operates in the developing condyle. In the present study, the mRNA and protein expression levels of SOX-9, RUNX2, IHH and Osterix (Fig. 3Q) were determined in the mouse TMJ using in situ hybridization and/or immunohistochemistry (Figs. 3D, H, L and P; 4A-F; and 5A-D). The results of the present study indicate that SOX-9, RUNX2, IHH and Osterix are expressed in the TMJ at different stages of development. These results are consistent with those of previous studies (2, 6, 7, 9) , which indicate that transcription factors are important regulators of the formation of the TMJ during the various stages of mouse embryonic development.
Regulation of TMJ development by cell proliferation and apoptosis. Cells proliferate throughout ontogenesis to facilitate tissue remodeling and renewal, and the repair of damaged areas during wound healing (6) . Cell proliferation involves replication by normal complete division cycles, which are sequential and associated with the cell cycle (7, 9) . Cell proliferation may be evaluated using a labeling index (such as the percentage of cells in S phase) following the administration 
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of DNA precursor labels such as tritiated thymidine or BrdU, or by immunostaining the endogenous cell replication marker proliferating cell nuclear antigen (38, 39) . In order to investigate differences in cellular proliferation during TMJ development, a BrdU assay was used to evaluate cellular proliferation in the condyle and glenoid fossa of the TMJ in the present study (Figs. 6A-F and 7A ). The cells of the condyle and glenoid fossa undergo rapid cellular proliferation during embryonic development. The ratio of cell proliferation exhibits a gradually declining trend between days E13.5 and P0. Apoptosis, or programmed cell death, is a form of traumatic cell death that results from acute cellular injury (40) . Apoptosis typically confers a number of advantages during an organism's lifecycle compared with unprogrammed cell death, including cell shrinkage, blebbing, chromatin condensation, nuclear fragmentation (41) and chromosomal DNA fragmentation. Apoptosis is responsible for the growth cartilage and endochondral ossification of condyle and glenoid fossa ( Fig. 7B and C) (6,7).
Regulation of TMJ development by MMP activity.
A well-coordinated remodeling of the ECM is a pre-requisite for TMJ development and homeostasis (42) . The turnover of collagens and proteoglycans proceeds via various pathways, and may be dependent on endocytic processes, or involve extracellular reactions exclusively (43) . ECM degradation requires the action of secreted or membrane MMPs, which are zinc-dependent endopeptidases capable of degrading ECM components, including collagens and proteoglycans (44) . MMP-9 degrades denatured collagen II, which is initially cleaved by activated MMP-1, and additionally degrades noncartilage collagens such as collagen IV and collagen V (45) . Notably, MMP-9 is able to degrade the core protein aggrecan (46, 47) . MMP-13 exhibits a substrate preference for degrading fibrillar collagens, including collagen II; however, MMP-13 is also able to degrade aggrecan, a hydrodynamic molecule in the cartilage (48, 49) . The results of the present study indicate that MMP-9 and MMP-13 are expressed in the TMJ at different stages, which is consistent with previous studies (2, 6, 7, 9) , implying that MMPs are key regulators of cartilage growth and endochondral ossification during TMJ formation and development in mice (Figs. 7D and 8A-D).
In the present study, the developmental processes of the mouse TMJ were systemically investigated using HE, Safranin Figure 8 . MMP-9 and MMP-13 expression levels were detected during temporomandibular joint (TMJ) development using immunohistochemistry at (A and B) P0 and (C and D) P7 (scale bar, 100 µm). MMP-9, matrix metalloproteinase-9, MMP-13, matrix metalloproteinase-13; P, post-natal day. O-Fast green and Azon red/Anilin blue staining methods, and a large number of transcription factors and growth factors have been implicated in the regulation of TMJ development, such as Sox9, Runx2, Ihh, TGF-β2 and EGF (1) (2) (3) 50) . Using in situ hybridization, immunohistochemistry and in situ zymography methods, the expression levels of SOX-9, RUNX2, IHH, collagen I, collagen II, aggrecan, MMP-9 and MMP-13 were evaluated during the process of TMJ formation and development. In addition, the cellular proliferation and apoptosis activity during TMJ formation and development in mice were analyzed using BrdU and TUNEL assays, respectively. Generally, the development of the TMJ in mammals has not been extensively studied. A number of factors in TMJ development remain unclear, including the profile of the signaling molecules that mediate the interactions of TMJ tissue during the developmental process, and the effects of the glenoid fossa on articular disc formation. Future studies are required, which may employ transgenic mice models in addition to experimental embryology, molecular biology and cell biology approaches, to elucidate the cellular and molecular mechanisms of TMJ development.
